ABSTRACT
INTRODUCTION
Nucleoside diphosphate (NDP) kinases (EC 2.7.4.6) catalyze the phosphorylation of the nucleoside and the deoxynucleoside diphosphates to the corresponding triphosphates by transferring the γ -phosphoryl group (2) . The reaction can be formulated as in Equation 1: Interest in this enzyme was increased when the NDP kinase was found to have important cellular regulatory functions. In Drosophila , the NDP kinase (product of the awdgene) was found to be essential for larvae growth and fly development (3, 7, 26) . In humans, the NDP kinase (product of the nm23gene, localized on chromosome 17) was found to be involved in the regulation of various cellular functions including cell proliferation, differentiation and tumor metastasis (11, 27, 30) . Allelic deletions of the gene or variations in the expression level shows correlation with several human diseases, such as lung cancer, colorectal cancers and hepatocellular carcinoma (6, 10, 16, 19, 26) . Also, NDP kinase has been shown to play an essential role in supplying nucleoside 5 ′ -triphosphate during both RNA and DNA synthesis in living cells (2, 22) . Recently, the role of human NDP kinase in the phosphorylation of nucleoside analogs used for treatment of AIDS was described (4, 29) .
Several assays have been developed for the detection of NDP kinase activity. The traditional NDP kinase assays include the use of coupled enzymes and spectrophotometry (20, 21, 23, 28) . In these assays, ATP formation by the kinase reaction was coupled to the reduction of NADP + (or ADP formation was coupled to NADH oxidation), and the progress of the reaction was followed by monitoring the change in absorbance at 340 nm. These types of assays have a low sensitivity due to the high initial background signal. Other approaches were also developed, such as the use of radiolabeled substrates (2, 13) . Following the kinase reaction, the substrate is captured, and the reacted substrate is resolved from the unreacted by precipitation and extensive washing, before the reacted labeled product is detected (28) . HPLC can also be used for detection of kinase activity by direct separation and detection of the nucleotide product (17) . Bioluminometric approaches have also been described for detection of adenylate kinase activity (5) and guanine nucleotides (8) . Most of the above-described methods share several common disadvantages, such as instability of the reagents and time-consuming procedures. In addition, assays that are highly sensitive often require single point evaluations. In this study, we describe the development of a real-time, simple, sensitive and nonradioactive method for detection of NDP kinase activity.
MATERIALS AND METHODS

Real-Time NDP Kinase Assay
The standard assay volume was 0.2 mL and contained the following components: 0.1 M Tris-acetate (pH 7.75), 2 mM EDTA, 10 mM magnesium acetate, 0.1% bovine serum albumin (BSA; fraction V), 1 mM dithiothreitol (DTT), 0.4 mg/mL polyvinylpyrrolidone (360 000) (the last three products from Sigma, St. Louis, MO, USA), 100 µ g/mL D -luciferin and purified luciferase (BioThema, Dalarö, Sweden) in an amount (ca. 2 ng) giving a response of 10 mV for 0. Reference 9) . One unit will convert 1.0 µ mol each of TDP and ATP to TTP and ADP per min at pH 7.6 and at 25°C (according to Sigma). We could not detect any disturbing contamination of ATPase or adenylate kinase activity in the NDP kinase preparation (data not shown). The luminescence was measured using a Model 1250 LKB Tube Luminometer (Amersham Pharmacia Biotech) connected to a potentiometric record, and the luminometer was calibrated to give a response of 10 mV for the luminometer internal light standard. The luminescence output was calibrated by addition of a known amount of ATP before and after each assay.
For the K m determination, several assays were performed. When the K m for ADP was determined, dGTP, at a final concentration of 0.3 mM, was preincubated with ADP (0-0.5 mM) before the reaction was initiated by the addition of 1 mU NDP kinase. The K m for dATP α S, dTTP α S, dGTP, dCTP, dTTP or GTP was determined in the presence of 0.25 mM ADP.
The sensitivity of the assay was determined in the presence of both ADP and dGTP at a final concentration of 0. 25 sulfate adenylyl transferase; EC 2.7.7.4) (Sigma), Sequenase ® Version 2.0, exonuclease-deficient (exo -) Klenow DNA Polymerase (both from Amersham Pharmacia Biotech) and recombinant ATP sulfurylase (produced and purified by the authors) preparations were analyzed for the presence of contaminating NDP kinase. When apyrase (EC 3.6.1.5) (Sigma) or inhouse purified apyrase were analyzed, the assay was initiated by immediate addition of dGTP after the addition of ADP, both to a final concentration of 0.25 mM. P 1 ,P 5 -di(adenosine-5 ′ )pentaphosphate (AP 5 A) (Sigma) in a final concentration of 5 µ M, was added to the assay before the addition of dGTP, when inhibition of contaminating adenylate kinase was desired. All experiments were performed at room temperature (22°C) and were repeated at least three times in individual assays. The rates observed did not differ more than 4% when identical conditions were used.
RESULTS
Principle of the NDP Kinase Assay
The NDP kinase assay is based on the detection of the ATP formed in the NDP kinase catalyzed reaction by the luciferase/luciferin system. In the assay, ADP is preincubated with The rate of the luciferase reaction is proportional to the ATP concentration over the range 10 pM to 1 µ M, and the light emission is essentially time-independent (as low amounts of luciferase are used). This allows measurements of the initial rate of ATP production from the NDP kinase catalyzed reaction.
Real-Time NDP Kinase Activity Detection
The new assay was used for realtime monitoring of the activity of NDP kinase from Baker's yeast. Figure 1 shows a typical trace obtained after addition of different amounts of NDP kinase to the assay. The change in light emission, as detected by a luminometer, is proportional to the amount of NDP kinase added. Under our assay conditions, we were able to detect 0.05 mU NDP kinase from Baker's yeast. A linear relation between the rate of ATP synthesis and the amount of NDP kinase between 0.05-50 mU was observed ( Figure 2) .
K m Determination
One application for the assay is the determination of K m for the different substrates. Figure 3 shows the specific rate of ATP synthesis catalyzed by NDP kinase from Baker's yeast as a function of ADP concentration in the presence of 0.3 mM dGTP. The K m for ADP was determined to be approximately 30 µ M. Both dATP α S and dTTP α S were tested, and the K m was found to be 0.01 and 0.03 mM, respectively (not shown).
Detection of NDP Kinase Contamination in Different Enzyme Preparations
The developed assay was used for detection of possible NDP kinase contamination in different protein preparations. Five protein preparations obtained from commercial sources, plus a preparation of a recombinant protein (ATP sulfurylase) that was produced and purified by us and a protein that was purified from potato (apyrase), were studied. We found that purified luciferase from BioThema catalyzed ATP synthesis in the presence of ADP (Figure 5 ). This ATP production was inhibited by the addition of an adenylate kinase inhibitor (AP 5 A), which indicates that there was adenylate kinase contamination in the luciferase preparation. After addition of dGTP to the same assay, ATP synthesis was again observed ( Figure 5 ). This later activity is probably due to the NDP kinase contamination of the luciferase preparation. The rate of ATP synthesis in the presence of 10 ng firefly luciferase corresponds to an activity of approximately 0.05 mU NDP kinase (ca. 35 pg). The instant increase in luminescence after the addition of ADP was due to ATP contamination in the commercial ADP sample. The ADP used contained less then 0.1% ATP, and this low level did not disturb the assay. Also, the addition of AP 5 A gave rise to a low instant increase in the luminescence. However, this effect is due to a direct interaction with the luciferase (Figure 5 ). Figure 6 shows a typical trace from experiments performed on a purified recombinant ATP sulfurylase preparation and on a preparation of ATP sulfurylase obtained from Sigma. The trace clearly shows that the commercially obtained ATP sulfurylase preparation was contaminated by NDP kinase, whereas the recombinant ATP sulfurylase and the purified apyrase preparation (not shown) were essentially free from NDP kinase contamination. Five micrograms of commercial ATP sulfurylase contained approximately 0.7 ng NDP kinase (1 mU). Preparations of Sequenase Version 2.0 and (exo -) Klenow DNA Polymerase were found to be free from NDP kinase contamination (not shown), whereas the commercial apyrase was contaminated (not shown).
DISCUSSION
Generally, bioluminescent-based techniques have several advantages over commonly used assays, such as speed, simplicity and high sensitivity (14, 15) . Therefore, new bioluminescent assays continue to be developed (12, 24) . Here, we present a new bioluminometric approach for detection of NDP kinase activity in real time. As most of the luminescent assays, the assay is a simple one-step assay involving simply the addition of the NDP kinase to the assay reagents. There is no need for incubation steps or the addition of stopping solutions. The assay could be completed within a minute, which allows fast analysis of many samples. Because the light emission, a result of the NDP kinase activity, is instant and long-lived, the reaction can be followed in real time.
The NDP kinase assay has a broad dynamic range, and the detection limit is approximately 0.05 mU of NDP kinase from Baker's yeast. The assay is at least 1000 times more sensitive than most other assays (17, 28) . However, some assays are similar in sensitivity (13, 20, 23) , but none of them are realtime assays. The sensitivity of our assay can, in principle, be increased by performing the assay in a smaller volume and/or at a higher temperature and/or by using purer ADP (the ADP used was contaminated with ATP). One limitation with the assay is that only ADP can be used as phosphate acceptor and ATP and dATP could not be used as phosphate donors because they interfere with the luciferase reaction (25) . It is worth noting that the assay conditions have been optimized for the luciferase system (18) and not for the NDP kinase. However, if the system is calibrated with an internal standard, the conditions can be modified to be more optimal for the NDP kinase.
The assay has many possible applications, such as the determination of the K m for some types of substrates and for the detection of NDP kinase activity in crude cell extracts and protein preparations. For example, all four enzymes used in the recently developed method for DNA sequencing, pyrosequencing (24) , were analyzed for the possibility of kinase contamination. In the pyrosequencing method, a primer is extended iteratively by a DNA polymerase after the addition of the four different deoxynucleotides. Inorganic pyrophosphate, released because of the incorporation of a deoxynucleotide, is converted to ATP by ATP sulfurylase, and ATP is monitored by the luciferase system. Potato apyrase is responsible for the degradation of unincorporated deoxynucleotides to dXDP and dXMP. As deoxynucleoside diphosphates will accumulate in the reaction mixture, NDP kinase contamination in any of the enzymes used for pyrosequencing could generate deoxynucleoside triphosphates, when a new deoxynucleotide is added, thereby creating a frameshift. We were able to monitor NDP kinase activity in commercially obtained preparations of apyrase (data not shown), firefly luciferase ( Figure 5 ) and ATP sulfurylase ( Figure 6 ).
The assay could also be used to study the effects of different inhibitors on the NDP kinase activity. Under our assay conditions, and in accordance with the literature (1), neither NaF, AP 5 A, quercetin nor P 1 ,P 5 -di(adenosine-5 ′ )hexaphosphate had any significant effect on the NDP kinase activity (not shown).
In conclusions, a real-time, simple and nonradioactive assay for continuous detection of NDP kinase activity has been developed. The area of application for the assay is broad and opens up new possibilities to study the NDP kinase under different conditions in real time. In particular, the assay is ideal for assessing the level of contaminating NDP kinase in different enzyme preparations. In this study, the real-time monitoring of NDP kinase activity was
